Since the charged mode is much faster than the neutral modes on quantum Hall edges at large filling factors, the edge may remain out of equilibrium in thermal conductance experiments. This sheds light on the observed imperfect quantization of the thermal Hall conductance at ν = 8/3 and can increase the observed thermal conductance by two quanta at ν = 8/5. Under certain unlikely but not impossible assumptions, this might also reconcile the observed thermal conductance at ν = 5/2 with not only the PH-Pfaffian order but also the anti-Pfaffian order.
A great majority of the known fractional quantum Hall plateaus can be understood as integer plateaus of composite fermions [1] . The picture of weakly interacting composite fermions predicts compressible phases at even-denominator filling factors, as observed indeed at ν = 1/2. A theory of incompressible states at half-integer filling factors involves an additional idea that composite fermions form Cooper pairs [2] . This idea leads to much interesting physics, including non-Abelian statistics [3] . It also explains why the even-denominator quantum Hall effect (QHE) has been a challenging problem for decades: Different pairing channels produce numerous topological orders at the same filling factor [4] . In a marked contrast, it is hard to find a viable alternative to the picture of the ν = 1/3 QHE plateau as a ν = 1 state of composite fermions. The nature of the ν = 5/2 QHE liquid remains controversial.
Numerical work on ν = 5/2 has much history, and different topological orders were seen as leading candidates at different times [5] [6] [7] [8] [9] . Most recently, a preponderance of numerical evidence [9] has been pointing out at the anti-Pfaffian topological order [10, 11] in translationally invariant systems [12] . Experimental evidence appears to consistently point [13] towards a closely related but distinct PH-Pfaffian topological order [11, [14] [15] [16] . Both numerics and experiment have limitations. Indeed, the existing numerical work always neglects some important features of realistic samples, such as disorder [17] , and treats Landau level mixing (LLM) in a highly approximate way. At the same time, the experimental evidence of topological order is rather indirect.
The most direct observation in favor of the PH-Pfaffian hypothesis has come from a thermal conductance experiment [18] . The thermal conductance of an equilibrium QHE edge is quantized at nκ 0 T , where one thermal conductance quantum κ 0 T = π 2 k 2 B T /3h, and a universal prefactor n depends on the topological order [19, 20] . The measured thermal conductance KT ≈ 2.5κ 0 T at ν = 5/2 and the bath temperature T 0 ∼ 20 mK is consistent with the PH-Pfaffian order [13, 14] . The thermal conductance of an anti-Pfaffian liquid [10, 11] is 1.5κ 0 T .
One of the motivations of the present paper is an attempt to reconcile the observed thermal conductance with a possibility of the anti-Pfaffian order. This may seem unpromising. Indeed, several recent studies show how disorder [21] [22] [23] and LLM [24] can stabilize the PHPfaffian liquid in a realistic sample. It is thus tempting to ascribe the tension between numerics and experiment to the simplified structure of the numerical Hamiltonians. The only attempt [25] so far to interpret the data in terms of the anti-Pfaffian state faces difficulties [26] . The difficulties of our approach are subtler. They suggest that the PH-Pfaffian order explains the data better, but do not completely rule out a possibility of an antiPfaffian liquid, given the limited amount of data and its limited accuracy. We observe that the charged mode with the conductance 5e 2 /2h is much faster than the neutral modes on an etched edge. A high speed means a low density of states for the excitations of the charged mode. This suppresses heat flow between the charged mode and the rest of the system and thus effectively decouples the charged mode. If one also assumes that the spin mode decouples from the other modes, one finds the same thermal conductance in the PH-Pfaffian and anti-Pfaffian states. At the same time, the PH-Pfaffian hypothesis describes the observed temperature dependence [18] of K and other data better than the anti-Pfaffian picture does.
Our physical picture allows more definite conclusions about several other filling factors. First, we consider the upper spin branch of the first Landau level. We predict that at some filling factors the experimental technique [18] can yield the thermal conductance value that exceeds by 2κ 0 T the equilibrium thermal conductance of an infinite sample. Second, our approach sheds light on unexpected experimental findings [18] of imperfectly quantized K at ν = 8/3. Since those findings are key to our idea, we begin with a comparison of the observed thermal conductances at ν = 8/3 and in the lower spin branch of the first Landau level.
If all N chiral edge channels run in the same downstream direction, the thermal conductance [19] of an integer or Abelian fractional QHE state equals N κ 0 T . If N u upstream and N d downstream channels coexist, the absolute value of the thermal conductance is expected [19] to equal the difference |N u − N d |κ 0 T of the contributions from the up-and down-stream modes. This was observed [27] at ν = 3/5, where N d = 1, N u = 2, and KT = (1.04 ± 0.03)κ 0 T , and at ν = 4/7, where N d = 1, N u = 3, and KT = (2.04 ± 0.05)κ 0 T . At the same time, the ν = 2/3 plateau shows [27] KT = 0.33κ 0 T at T 0 = 10 mK, while N d = N u = 1. A much greater deviation of K from (N u − N d )κ 0 at ν = 2/3 than at ν = 3/5 and 4/7 reflects a different temperature profile along the edge [27] . When N u > N d , the temperature T u of the upstream modes remains constant along most of the edge in the absence of heat loses to the bulk [27, 28] . The temperature of the minority downstream modes is also T u beyond an equilibration-length distance from their source, and the finite-size correction to K rapidly vanishes as a function of the edge length L in large systems. On the other hand, at N u = N d , the temperatures of the upstream and downstream modes are approximately the same in each point and change continuously along the edge [27] . The finite size correction to K exhibits a slow algebraic dependence on L. The 8/3 edge contains 2 downstream integer modes in addition to one upand one down-stream fractional mode. The expected K = 2κ 0 . Yet, the observed [18] K = (2.19 ± 0.03)κ 0 at T 0 = 11 − 12 mK deviates much more from the equilibrium value than at ν = 3/5 and 4/7.
Below we focus on ν = 8/3, ν = 8/5, and the antiPfaffian state at ν = 5/2. The edge structures of those states and the PH-Pfaffian state are summarized in Table  I .
The 8/3-state is believed to differ from the 2/3-state only by two filled Landau levels [29] . Hence, if one assumed that the integer and fractional modes did not interact, the observed large deviation of K from 2κ 0 could be explained by the same physics as at ν = 2/3. Such explanation fails because of the long-range Coulomb force between the integer and fractional channels. Naively, strong Coulomb interaction results in the same temperature for all modes as at ν = 3/5 and 4/7. Yet, this is not the case at ν = 8/3: Appropriately chosen collective modes interact weakly and do not equilibrate.
The Lagrangian density [30] of the 8/3 edge is
where e∂ x φ ρ /2π and e∂ x φ I /2π are the charge densities on the fractional and integer edges respectively, 1 2 ∂xφs 2π is the spin density on the integer edge, φ 0 n is the upstream neutral mode, w ρI and w sI describe nonrandom intermode interactions, L n,s r describe disorder, and 1/ is absorbed into L 8/3 . We neglect the interaction of the two neutral modes φ s and φ 0 n . There is also no nonrandom interaction of the two fractional modes. Their random interaction
4π ∂ x φ I ∂ x φ s . We expect that random and nonrandom interactions of the other pairs of modes do not qualitatively change the results. The action (1) neglects spin-flip tunneling between the integer modes and tunneling between the integer and fractional channels. This is motivated by the weakness of the spin-orbit interaction and by the large distance between the integer and fractional channels [32] [33] [34] .
The integer-mode interaction w sI depends on the asymmetry between the spin-up and -down integer channels and vanishes in a symmetric system. Since we deal with etched edges far away from the gates [18] , the energy of the charged modes is dominated by the long-range Coulomb interaction. Hence, the coefficients v ρ , v I , and w ρI are not independent. The three terms these coefficients define in the action combine approximately into − 1 4π
2 , where e∂ x φ c /2π = e∂ x (φ ρ + φ I )/2π is the total charge density on the edge, and v c is the speed of the overall charged mode. We thus rewrite the action in terms of the charged mode φ c and a new neutral mode
where
with A n = √ 3/4, A c = 1/4. The interaction w nc can be eliminated by one more change of variables: a small rotation in the two-dimensional space spanned by the variables φ n,c . We ignore w nc below.
To estimate the speed of the charged mode, we observe that the main contribution to v c comes from the longrange electrostatic repulsion. Consider a uniform charge density ρ = e∂ x φ c /2π on an edge segment of length l ∼ d, where d is the distance to the screening gates. The energy
where w is the edge width, ν is the filling factor, and the effective dielectric constant ǫ * = (ǫ + 1)/2 ≈ 7 since d ≫ (the depth of the electron gas under the surface). The typical distance d from the gates is on the order of tens of microns [35] . Estimates in the spirit of Refs. 36, 37 suggest that the edge is not much wider than a micron. Experiment supports [38] [39] [40] w ∼ hundreds nm at ν = 5/2 and likely also [40] [43] for the neutral-mode velocity at ν = 2/3. Thus, we expect that the charged mode is an order of magnitude faster than the neutral modes [44] .
The rate of the energy exchange between two modes is set by the equilibration length l e . The heat flow between the segments of length l e of the two channels is κ 0 T ∆T , where ∆T is their temperature difference [45] . The equilibration length l 
According to the phenomenological theory [27] , l e is several times shorter than the total edge length L in the experiments [18, 27] . Thus, l c e ≫ L. The above estimate should be taken with care because of the limitations of the phenomenological theory [46] and because the perturbative calculation of l n e is only valid, if l n e ≫ min(v n , v 0 n )/k B T . Nevertheless, a very large ratio (5) suggests that the energy exchange between φ 0 n and φ c is negligible. In the absence of the spin mode, this would justify the same physical picture of the thermal transport by the channels φ n and φ 0 n as in the theory of the 2/3-edge. Before focusing on the spin mode, we will consider the upper spin branch of the first Landau level, where an integer spin mode does not exist.
We concentrate on a spin-polarized state [47] at ν = 8/5. Similar analysis applies at the other filling factors ν = 2 − n/(2n + 1). Besides the absence of φ s , the Lagrangian density L 8/5 differs from (1) by the presence of two upstream neutral modes φ 1 n and φ 2 n :
where L n r ∼ ∂ x φ ρ describes the random interaction of up-and down-stream fractional modes [31] . The interaction of the two upstream modes is unimportant. After introducing the overall charged mode φ c = φ ρ + φ I and a downstream neutral mode φ n = 5/3φ ρ − 3/5φ I , one finds
where w nc can be ignored for the same reasons as in Eq. (2). With two up-and two down-stream modes one expects zero thermal conductance for a long edge in equilibrium. We observe that Eqs. 
This result assumes ideal contacts: Each chiral mode in Eq. (7) emanates from an Ohmic contact with the temperature of the contact. For non-ideal contacts, we expect K 8/5 between 2κ 0 and 0. To understand the ν = 8/3 physics, we consider the interaction of the spin mode φ s with the other modes. We do not expect its interaction with the fast charged mode to play much role. Thus, we focus on the random and nonrandom interactions of φ s and φ n , Eq. (2). It is hard to estimate the interactions theoretically. We will try to extract constraints on the interaction from the experimental data.
A simple phenomenological model from Appendix A shows that any strength of the random interaction L s r is compatible with the data at roughly the same interaction of the upstream fractional mode φ 0 n with φ n . It is unclear what happens at a strong nonrandom interaction w sI . A weak w sI can be eliminated by the change of variables φ n = θ n + αθ s , φ s = ( √ 3/2)(θ s − αθ n ), where
The variable change introduces a random interaction of the new spin mode θ s with the upstream mode. The equilibration length l s e can be computed in the same way as above. One finds
A small w sI corresponds to little energy exchange between the spin mode and the rest of the system. This is compatible with the data since the observed imperfect quantization [18] of K 8/3 can be explained by the decoupling of φ s and φ c from the rest of the modes. A zero w sI implies symmetry between the integer edge modes (φ I ± φ s ) with the opposite spin projections. We are not aware of a reason for such symmetry. Yet, the above interpretation of the experiment does not need a zero or very small w sI . First, the small parameter is squared in Eq. (9) . Second, the effect of the energy exchange between the upstream and spin modes does not have to be negligible. It is possible that (K 8/3 − 2κ 0 ) would be considerably greater than 0.19κ 0 without such energy exchange. The value of w sI can be found experimentally by performing the experiments [42, 44] at ν > 2.
What about ν = 5/2? The Lagrangian density [10, 11] 
where ψ k are three Majorana fermions, and disorder
with a real random ζ kl . The unimportant interaction of Majoranas is omitted. The same procedure as at ν = 8/3 and 8/5 introduces new variables φ c = φ ρ +φ I and φ n = 2φ ρ −φ I /2. Eqs. (3) and (5) hold now with A c /A n = 1/2. The charged mode decouples from the rest of the channels.
Assume for a moment that the spin mode also decouples. Then the thermal conductance is the sum of two quanta from φ s and φ c plus the contribution of the remaining four modes. Three of them are upstream Majorana fermions with the thermal conductance of 0.5κ 0 T per channel. If those four modes equilibrate with each other, their total thermal conductance (3 × 0.5 − 1)κ 0 T = 0.5κ 0 T . This yields K 5/2 = 2.5κ 0 in agreement with the data at T 0 ∼ 20 mK.
There are two problems with the above calculation. First, in contrast to the PH-Pfaffian hypothesis, it sheds no light on a much stronger temperature dependence [18] of K at T 0 ≈ 10 mK at ν = 5/2 than at all other filling factors. Second, there is no reason for the spin mode to completely decouple. Both problems can be solved [48] by assuming that the interaction of the other modes with φ s decreases the observed K by ∆K 1 ∼ 0.2κ 0 . Indeed, since the filling factor 5/2 ≈ 8/3, we expect w sI to have similar values at ν = 5/2 and 8/3 in the same sample. Thus, incomplete decoupling of the spin mode at ν = 5/2 is consistent with the picture of incomplete decoupling at ν = 8/3, addressed below Eq. (9) . In this picture, the observed K 5/2 = 2.53κ 0 implies partial equilibration of the Majorana modes with φ n since such partial equilibration increases [27] K by some ∆K 2 . Then the data can be explained by assuming that ∆K 2 ≈ ∆K 1 . We are not aware of a reason for such cancellation. Yet, it is not impossible, given the limited amount and accuracy of the data (Appendix B). A strong temperature dependence of K 5/2 below 15 mK can then be explained by the breakdown of the cancellation between ∆K 1 and ∆K 2 .
In addition to the fine-tuning of ∆K 1,2 , the above picture requires ideal contacts. This assumption can be tested by experimentally verifying the prediction (8) . At the same time, the PH-Pfaffian hypothesis explains the data without this assumption or any fine-tuning. Moreover, in contrast to the anti-Pfaffian picture, it sheds light on seemingly contradictory tunneling data [13, 39, 40, 49, 50] at ν = 5/2.
In conclusion, we predict that the QHE edges do not equilibrate in thermal conductance experiments with the setup [18] in the upper spin branch of the first Landau level. In particular, the observed thermal conductance at ν = 8/5 is expected to be 2κ 0 , even though the equilibrium thermal conductance is 0. A similar mechanism explains the observed imperfect quantization of the thermal conductance at ν = 8/3. Under certain unlikely but not impossible assumptions, this mechanism might reconcile the observed thermal conductance at ν = 5/2 with the anti-Pfaffian hypothesis. The mechanism can be tested by increasing the edge length since our assumptions do not apply to very long edges and K is expected to decrease to the equilibrium value.the model below. Consider an edge of length L, connecting two terminals of the temperatures T 0 and T m (Fig.  1 ). Neglect energy exchange with the charged mode φ c . Let the temperature of the upstream mode T u (x) satisfy T u (L) = T m . Let the temperature T s of the spin mode and the temperature T d of the downstream mode φ n satisfy T s (0) = T d (0) = T 0 . In the spirit of Ref. 27 , we write phenomenological equations for the energy balance:
with the equilibration lengths ξ and ξ 0 . Identical equations can be written on the opposite edge of the quantum Hall bar, but T 0 ↔ T m in the boundary conditions. The solution of the equations is straightforward. After adding a quantum of heat conductance due to the mode φ c , we find
where r = 1/ξ, r 0 = 1/ξ 0 , and γ ± = −r ± r(r + r 0 ). With the measured K/κ 0 = 2.19, the above equation shows that ξ 0 changes between ≈ 0.1L and ≈ 0.3L in the whole range of ξ from 0 to infinity. For comparison, Ref.
27 estimates ξ 0 ∼ 0.2L at ν = 2/3. We conclude that any strength of the random interaction, which determines ξ, is consistent with the data. Appendix B. Corrections to thermal conductance. ∆K 2 and −∆K 1 are not the only possible corrections to K 5/2 . Two of the eight edges in the setup [18] contain gate-defined regions (Extended Data Fig. 1 in Ref. 27 ). The gates screen the interaction of the integer and fractional channels. Hence, it is possible that the integer and fractional channels decouple under the gates similarly to the decoupling of channels on the etched edge. At the same time, the transition regions between the etched and gated edges may contribute to the equilibration of all pairs of channels. Another subtlety involves possible lack of thermal equilibrium in the central Ohmic contact (Appendix C).
Appendix C. Possible lack of equilibrium in the central Ohmic contact. The RC time τ RC = RC is the total time that charge spends in a system. According to the uncertainty relations, the uncertainty of the energy change over such time period ∆E ∼ /2τ RC . This means that the degree of freedom, associated with the total charge, cannot equilibrate with the rest of the system, if
This mechanism reduces [52, 53] the thermal conductance of the setup [18, 27] by one quantum κ 0 T at low T . This is the reduction of the total thermal conductance N KT of an N -arm system. The experiment uses N = 4 arms and hence the expected reduction of the observed K is 0.25κ 0 . Such reduction was not seen at any filling factor, investigated in Refs. 18, 27. This may appear puzzling. Indeed, the relevant time is the time the charge spends in the central Ohmic contact. One can estimate its capacitance from its known size. It appears that Eq. (15) is satisfied. A possible explanation of this paradox [54] involves a large contribution of the edge channels to the total capacitance. Note that the subtraction procedure, employed in Refs. 18, 27, suppresses the reduction of K due to the RCtime constraint. Indeed, KT is defined as one half of the difference of the total thermal conductances N KT in the 4-and 2-arm configurations: K subtraction T = [K (4) − K (2) ]/2. At a sufficiently low temperature, both K (4) and K (2) are reduced by one quantum κ 0 T . Hence, the reduction effect drops out from their difference. A small reduction of K subtraction is possible in the crossover region between the high-and low-temperature regimes.
Appendix D. Possible breakdown of bulk-edge correspondence. The bulk of the experimental evidence in favor of the PH-Pfaffian order comes from edge probes. In the absence of bulk-edge correspondence [30] , such probes shed no light on the bulk physics. Can bulk-edge correspondence break down? We propose a scenario, in which the PH-Pfaffian topological order exists along the edges of the sample [55] . The anti-Pfaffian (or some other) order exists in the bulk of the sample. The gapless interface between the PH-Pfaffian and anti-Pfaffian phases
